Genomic data have increasingly been used to complement linguistic, archeological, and anthropological evidence in reconstructing the origins and migratory patterns of modern humans. East Asia is a particular hotspot of human migration, especially mainland China, where a large number of human fossils have been unearthed and more than 20% of the world's population now resides. There are 56 officially recognized ethnic populations (minzu) in China. In the present study we investigated the ancestry and genetic diversity of nine populations: the majority Han of Liaoning Province; the Miao, Yao, Kucong, and Tibetan communities of Yunnan Province in southwest China; and four Muslim populations, the Hui, Bonan, Dongxiang, and Sala from central and northern China. We used both biparental and uniparental markers to determine patterns of diversity at autosomal, mitochondrial, and Y-chromosome loci. The study populations displayed several paternal origins but restricted maternal ancestries. From the Y-chromosome data in particular, major demographic changes, such as the Neolithic population expansion and more recent historical events including migration along the Silk Road, could be inferred. Specific aspects of the internal structure and organization of the study populations, including endogamy and consanguinity, were uncovered using autosomal markers. However, we encountered interpretive problems in terms of the definition of the present-day ethnic study populations in China, which appear to reflect past and present political as well as genetic influences.
study. Figure 1 shows the locations of the provinces where the study populations reside. According to recent official estimates, the population sizes of the eight minority populations were 9.8 million for the Hui, 16,500 for the Bo'an, 513,800 for the Dongxiang, 104,500 for the Sala, 8.9 million for the Miao, 2.6 million for the Yao, and 5.4 million for the Tibetans. The current population size of the Kucong is unknown. Because the Kucong have not been accorded official recognition as a Chinese ethnic nationality, they usually are grouped within the Lahu minzu, who also are resident in Yunnan Province (Ma 1994 
Resolution of Molecular Markers.
A set of 10 dinucleotide STR markers on chromosomes 13 and 15 (D13S126, D13S133, D13S192, D13S270, D15S11, D15S97, D15S98, D15S101, D15S108, and GABRB3) was investigated in all samples, following previously standardized procedures (Wang et al. 2003) . The samples were then analyzed for eight unique event polymorphisms on the Y chromosome: M1 (YAP), M216/M130 (RPS4Y), M89/M213, M9, M175/M214, M122, M45, and M17 (Underhill et al. 2001) . All markers, except M1 were typed using PCR-RFLP assays (Wang et al. 2003) . The PCR primers that we used have been described elsewhere (Underhill et al. 2001) , with the exception of the forward primers for M45 and M17, which were resolved according to the method of Wang et al. (2003) . The mtDNA hypervariable region I (HV1) was amplified and sequenced in a subset of samples using ABI Prism dye primer kits running on 6% denaturing polyacrylamide gels (Hopgood et al. 1992) . Sequence data were analyzed using ABI DNA analysis software and Sequencer (Gene Codes). Individuals in the present study were also screened for the mtDNA 9-bp deletion in the COII/tRNA Lys intergenic region (Qian et al. 2001 ).
Analytical Methods. Basic statistical computations on the autosomal data included allele frequency, heterozygosity, and gene diversity, with Hardy-Weinberg equilibrium tests performed using the GenePop program . An exact probability test was used to assess the significance of deviation from Hardy-Weinberg equilibrium (Guo and Thompson 1992) . Where deviation from Hardy-Weinberg equilibrium was confirmed, a U test was used to further assess whether or not the deviation was due to heterozygote deficiency . All the Hardy-Weinberg equilibrium tests used here take into account missing data and small sample size by using Markov chain Monte Carlo sampling . The correlation of genes of individuals within populations (F IS ) was calculated for each population (Weir and Cockerham 1984) . This method is an extension of Wright's original F statistic, which takes into account multiallelic, multilocus data by the partitioning of variance. Principal components analysis was undertaken using the software package SPSS, version 12.
The mtDNA sequences were edited, aligned, and compared with the published reference sequence (Anderson et al. 1981 ) using Mitodesc, a software package developed and made available by Francesc Calafell (Pompeu Fabra University, Barcelona, Spain). Because the amount of sample was limited, conclusive RFLP analysis of mtDNA haplogrouping was not feasible; thus most mtDNA haplogroups were inferred from the HV1 data according to the method of Yao and Zhang (2002) .
In the data analyses the nine sample populations were clustered into two broad subgroups: ''ancient,'' which comprised the Han, Tibetans, Miao, Yao, and Kucong; and ''recent,' ' that is, the Hui, Bonan, Dongxiang, and Sala, based on English-and Chinese-language documentation of their origins and history. According to available anthropological and historical records, the ancestry of the Han, Miao, Yao, and Tibetan populations can be traced back over several thousand years in China (Du and Yip 1993) , whereas the Bo'an, Dongxiang, Hui, and Sala are Muslim populations that have existed in China since about a.d. 700, soon after the establishment of Islam in China (Lipman 1997; Gladney 1998) . This split in population history offers a useful opportunity to assess the effects of migration, population amalgamation, and population isolation on genetic diversity in China.
Results
Autosomal Diversity. A comparison of gene diversity and observed heterozygosity values in the different study populations revealed a number of disparities (Table 1 ). In theory, if a population is under Hardy-Weinberg equilibrium, these values should be equal. However, as previously reported, significant heterozygote deficiency was exhibited by the Bonan, Han, Hui, and Sala (Black et al. 2001; Wang et al. 2003) . Calculation of the same exact and U tests for the Miao, Tibetans, and Yao showed no evidence of significant deviation from Hardy-Weinberg equilibrium ( p Ͼ 0.05). Each of these populations has a longer history than the recent Muslim communities, with significantly more generations during which genetic drift could operate. In addition, Tibetan communities strenuously avoid consanguineous marriage (Tianlu 1997) , which would be expected to assist in the maintenance of heterozygosity.
The Kucong showed evidence of a different population structure. Although the exact test did not detect a statistically significant deviation from HardyWeinberg equilibrium at the 95% confidence level, application of the more specific U test for heterozygote excess was significant at p ‫ס‬ 0.004. Therefore the negative F IS value ‫)80.0מ(‬ in the Kucong is indicative of heterozygote excess in the population.
Y-Chromosome Ancestry. Most of the Han and Miao Y-chromosome haplotypes were haplogroup O and subhaplogroup O3 (Han freq. ‫ס‬ 0.227 and 0.480 for the O and O3 haplogroups, respectively; and Miao freq. ‫ס‬ 0.282 and 0.533 for the O and O3 haplogroups, respectively), which indicates shared paternal origins in East Asia. These origins have previously been described as stemming from the Neolithic expansion across China at about 10,000 years b.p. (Su et al. 1999; Ding et al. 2000; Deng et al. 2004; Wen et al. 2004b) . Haplogroup D was present at high frequencies in the Tibetan sample population (freq. ‫ס‬ 0.550) and in the Yao (freq. ‫ס‬ 0.571). These results complement previous reports that haplogroup D was found at significant frequencies, if at all, only in Tibetan and Japanese populations (Torroni et al. 1994; Qian et al. 2000; Deng et al. 2004 ) and in some Yunnan ethnic groups (Wen et al. 2004b) .
The Kucong paternal ancestral heritage was markedly different from all the other study populations (Table 2) , mainly because most of the samples resolved were haplogroup F* (xK) (freq. ‫ס‬ 0.523), although low frequencies of this haplogroup also were present in the Yao and Miao living in the same region of Yunnan Province and in Tibetans from the neighboring Tibetan Autonomous Region.
Haplogroups P* (xR) and R1a1 were resolved only in the recent populations, and previous studies have shown that they originated in and are most frequent among populations of North and Central Asia (Karafet et al. 2001; Wells et al. 2001; Zerjal et al. 2002) . Therefore western Asian and/or Central Asian paternal ancestry appears probable in the recent populations. Table 2 .
Y-Chromosome Haplogroup Frequencies in the Nine Study Populations

Population
Number of Samples Marker (and Haplogroup) YAP (DE) M130 (C) M89 [F* (xK)] M175 (O) M122 (O3) M9 [K* (xO,P)] M17 (R1a1) M45 [P* (xR)]
Ancient populations Han Evidence of northern Asian ancestry, possibly Mongolian, was revealed by the resolution of haplogroup C, most prominently in the Hui (freq. ‫ס‬ 0.277). This is an ancient haplogroup, believed to have arrived along with haplogroup D in the first migrations of modern humans into East Asia along a southern dispersal route (Underhill et al. 2001) . However, it is now found at significant frequencies only in Eurasia among Mongolians and Koreans (Wells et al. 2001; Zerjal et al. 2002) .
Further resolution of the paternal ancestries of the study populations was revealed by the principal coordinates plot, which showed a distinctive grouping in which the Bonan, Dongxiang, and Hui had equally diverse paternal ancestries and the Tibetans and Yao had closely related ancestries, as did the Han and Miao (Figure 2a) . The principal coordinates plot is thus in keeping with the previous interpretation drawn directly from the data frequency table (Table 2 ). The isolated position of the Kucong also is in accord with a distinct, ancient paternal ancestry compared to the other study populations.
mtDNA Ancestry. From the results displayed in Table 3 , most mtDNA sequences were defined as belonging to haplogroups of East Asian origin. Haplogroups D, C, G, and Z, all subgroups of the M limb, are believed to be of East Asian origin (Kivisild et al. 2002; Yao et al. 2002b) , and this is also true for Group A on the N limb. Haplogroups B and F are most commonly reported in populations in southern China and Southeast Asia and are subgroups of the R* limb, which in turn branches from the N limb (Yao and Zhang 2002) . Some samples could be confidently grouped only into broad M* and R* haplogroups from HV1 motifs, and coding region polymorphisms would be needed for further haplogroup definition. This is important, because recent studies have revealed many divergent M* and R* subgroups (such as M8 and R9) in various East Asian populations (Kivisild et al. 2002) .
Broad differences in maternal ancestries among the study populations were revealed by the analysis of the HV1 sequences. Haplogroup D was the dominant group in the Han, Hui, Sala, and Tibetans (freq. ‫ס‬ 0.500, 0.385, 0.455, and 0.533, respectively) and, with the notable exception of the Kucong, was present at only low frequencies in all other populations. The Han, Hui, Sala, and the Tibetans all have different histories, yet the relatively high frequency of the D haplogroup in these populations suggests some common maternal origins.
Although no D haplotypes were inferred from the Kucong, we found that most of the Kucong samples were defined on the R limb (freq. ‫ס‬ 0.250, 0.083, and 0.250 for the B, F, and R* haplotypes, respectively). Of those on the R limb, almost half belonged to haplogroup B, whereas an equivalent proportion could not be further defined. The R* samples of the Yao, Tibetans, and Kucong did exhibit mutations at np 16298 and 16362. According to Kivisild et al. (2002) , this is a possible motif for subhaplogroup R9a, and sub-R groups have been previously reported in Yunnan ethnic populations (Yao et al. 2002b; Qian et al. 2000; Wen et al. 2005) . Interestingly, haplogroup R* was also present in the Dongxiang, but this could be tentatively classified in the JT grouping, which is largely Middle Eastern in origin and occurs at significant frequencies in some Central Asian populations (Zerjal et al. 2002) . Haplogroup W has a similar Middle Eastern origin, and again it was found in the Dongxiang. Thus it appears probable that these two maternal lineages represent recent migrations into the population. However, further anthropological investigation would be needed to confirm this hypothesis.
Haplogroup B was present in all populations except the Bonan and Hui, but it was present at significant frequencies only in the Kucong, Miao, Sala, and Dongxiang (freq. ‫ס‬ 0.250, 0.222, 0.273, and 0.222, respectively). Haplogroup F was most frequent in the Bonan, Miao, and Yao (freq. ‫ס‬ 0.182, 0.333, and 0.182, respectively). Both haplogroups F and B have been previously resolved as being most frequent in Southeast Asian populations and among Yunnan ethnic populations (Yao and Zhang 2002) . Their significant presence thus shows the strong influence of Southeast Asian maternal ancestries in the Miao, Kucong, and Yao (see Table 3 ).
To assess the overall level of haplogroup diversity within the study populations and hence to examine the hypothesis of shared East Asian maternal ancestries, we undertook a principal components analysis. The resultant principal coordinates plot showed that the Sala, Han, Tibetans, and to a lesser extent the Hui clustered together, probably because of their high frequency of D haplotypes (Figure 2b ). These four populations have different recorded histories, and yet they have similar maternal ancestries, demonstrating the effect of migration and the admixture of maternal lineages throughout East Asia (Ding et al. 2000; Yao et al. 2002a Yao et al. , 2002b . The position of the Miao, Dongxiang, and Yao on the scatterplot indicated a significant frequency of both M limb haplogroups and R limb haplogroups. Therefore these three populations appear to have at least two separate mtDNA ancestries, one from northern East Asia (M limb) and the other from southern East Asia (R limb) (Yao et al. 2002a) . Figure 2b shows that the Kucong are aligned between the Dongxiang and the Bonan. Initially this seems counterintuitive, because the Kucong mostly have R limb haplogroups, much like the Dongxiang, Miao, and Yao, and thus should have been more closely clustered with them. Compared to the Bonan, the pattern of clustering in the Kucong resulted from the presence of haplogroups A and C, which are more common in northern East Asian populations. This leads to two possible conclusions: Either the presence of these haplogroups is due to recent admixture, and thus the hypothesis that the Kucong are a population isolate is at least partially inaccurate, or the haplotypes represent more ancient A and C lineages than are present in the Bonan.
Discussion
Earlier investigations of genetic diversity and minzu in East Asia first focused on the broader geographic picture, as part of investigations into the expansion of modern humans out of Africa (Chu et al. 1998; Su et al. 1999; Ding et al. 2000) . More recent studies have largely concentrated on the Neolithic population expansion in East Asia that occurred Х10,000-8,000 years b.p., following the establishment of rice and millet agriculture in the upper and middle Yellow River regions (Su et al. 1999; Ding et al. 2000; Deng et al. 2004; Wen et al. 2004b) .
It is the detail of the Neolithic expansion and its aftermath that becomes problematic. The population expansion in the Yellow River basin is said to have resulted in a split into two major groups, the Proto-Sino-Tibetans and the ProtoChinese . The Proto-Sino-Tibetans traveled westward and then southward, forming the various minorities of western and southern China along the way. These inferred origins are based on a combination of linguistic categories and ancient Chinese historical documents, which name tribes, such as the Di-Qiang, Bai Yue, and Bai-Pu, that are believed to be the progenitor populations of many of the present-day minority minzu in southern China (Deng et al. 2004; Yang et al. 2005) . The results of the current study suggest that, for at least some of these southern minzu, there may be no such straightforward connection to the Neolithic expansion.
The first example of a more complex and possibly contradictory scenario is the presence of Y-chromosome haplogroup D at significant frequency in the Tibetans. Previous genetic studies have proposed that this haplogroup represents either more ancient pre-Neolithic origins (Underhill 2004) or admixture with now extinct Central Asian populations during the post-Neolithic migration . The latter theory was suggested because of the additional presence of various O haplogroups on the Y chromosome and because of the strong presence of maternal haplogroups, such as haplogroups D and G, in Tibetan sample populations, ancestries that are believed to be key genetic indicators of the Neolithic expansion.
However, continuing archeological investigations have uncovered evidence of many different communities and cultures in Tibet (Aldenderfer and Yinong 2004) . In fact, the archeological record dates from well before the Neolithic to at least the fall of the Tibetan Kingdom in the 9th century a.d. (Ebrey 1999; Aldenderfer and Yinong 2004) . Additional evidence for the origins of Tibetans can be acquired by reference to various geographic, climatological, and anthropological aspects of the Tibetan plateau. The model of post-Neolithic migration into Tibet would involve agricultural peoples from relatively low elevations moving on to the Tibetan plateau, which is in part hyperarid and frigid and is situated at the highest permanently settled altitude on Earth, with consequent selection pressures in terms of hypoxic stress (Beall et al. 2004 ). Acclimatization to this sparse high-altitude environment in which pastoralism, and not agriculture, is better adapted could thus have been a problem for Neolithic migrants.
Given the geographic, climatological, anthropological, and archeological complexities of the Tibetan plateau, an alternative hypothesis of Tibetan ancestry seems appropriate. One possibility is a combination of a demic expansion that accompanied the Neolithic expansion and an acculturation mechanism; that is, the modern Tibetan population resulted from an uptake of cultural and technological aspects of the Neolithic without a concomitant uptake or transfer of genes (Aldenderfer and Yinong 2004) . According to this scenario, molecular data would indicate a Tibetan origin from the admixture of pre-and post-Neolithic groups, and lineages with direct ancient origins could easily have been lost and/or admixed with those of post-Neolithic migrants. The presence of Y-chromosome haplogroup O and mtDNA haplogroup D in the Tibetans could be interpreted as evidence of Yellow River basin ancestral origins. But in contrast, the high frequency of Y-chromosome D haplogroups (freq. ‫ס‬ 0.550) may more plausibly suggest a link to a pre-Neolithic ancestral past.
This Y-chromosome haplogroup D is also found at significant frequency in the Yao study population. Because a previous study reported no Y-chromosome D haplogroups in a Yao sample (Yang et al. 2005) , it would appear that individual Yao communities have different ancestral backgrounds. Historical and anthropological evidence certainly suggests that this may be the case, because the Yao minzu is spread throughout six different provinces of China, mainly in the mountainous regions that extend across southern China. There are more than 30 different subgroups, or zhixi, in the official Yao minzu structure, with more than 300 different terms for the Yao in the Chinese language (Litzinger 1995) . The extreme cultural diversity of the Yao minzu is further demonstrated by the worship of separate deities in different Yao communities and by communityspecific beliefs in different mythological origins and religious festivities, none of which were allegedly known to other Yao communities before establishment of the Yao minzu in 1949 (Litzinger 1995) . In combination with the genomic evidence of the present study, this would suggest that future investigations into Yao genetic diversity must be approached at the local community level.
Linguistically, the Yao language is composed of many dialects, and it is categorized in the Hmong-Mien grouping along with the Miao dialects, even though the Yao and Miao languages are mutually unintelligible (Litzinger 1995) and mtDNA analysis has demonstrated differences between Hmong and Mien populations (Wen et al. 2005 ). The present genomic data suggest that although these two minzu have a common linguistic categorization, genetically they are different. As demonstrated in Figure 2a , from a paternal perspective the specific Yao community investigated in this study is most closely associated with Tibetans, with both having high frequencies of the YAP insertion, whereas most of the Miao Y chromosomes belong to haplogroups O* and O3, suggesting a paternal Neolithic expansion origin. In maternal terms both populations are of largely Southeast Asian origin; that is, they contain haplogroups B, F, and R*. This split in maternal and paternal origins is in agreement with the findings of Wen et al. (2004b) , who suggested a sex-biased admixture of northern male immigrants with local females.
However, as with the Yao, the precise definition of Miao genetic origins is complex. An anthropological study of the Miao suggested difficulties in their classification as a single ethnic group (Diamond 1995) . In fact, early use of the term Miao referred to most of the disparate indigenous peoples across Southwest China rather than to a single ethnic group (Diamond 1995) . The Miao can be split into three broad groups-the Hmong in Yunnan Province, the Hmu in Guizhou Province, and the Xioob in Guizhou and Hunan Provinces-with cultural and linguistic differences observed within the three groups, mostly at the village level (Diamond 1995) . There also are at least three major Miao languages, each of which is divided into several dialects. Furthermore, the Hmong of Yunnan Province are not necessarily connected with the Hmong peoples of Southeast Asia, and the terms Miao and Hmong are used interchangeably (Diamond 1995) .
Although some admixture, predominantly maternal, appears probable between the Han, Miao, Yao, and Tibetans, it is not so evident in the Kucong. The Y-chromosome haplogroups in the Kucong can be construed as evidence of possibly pre-Neolithic male ancestry. The combination of a mostly Southeast Asian maternal ancestry (mtDNA haplogroups B, F, and R*) with a majority of Y-chromosome haplotypes that could be typed as only F* (xK) further leads to the conclusion that, unlike the other Yunnan populations sampled in this study, there had been little admixture between the Kucong and post-Neolithic immigrants from the north. Therefore the Kucong ancestry may be pre-Neolithic, having been preserved by their earlier isolated hunter-gatherer lifestyle.
The term Kucong literally translates from Mandarin as ''forest people,'' and until the start of the Cultural Revolution in 1956, the Kucong lived in small tribal hunter-gatherer communities in the forests in the Ailoshan Mountains of Yunnan Province. After 1956 they were relocated into villages (Xiaotong 1991) . Intriguingly, the autosomal diversity observed in the Kucong sample, primarily the statistically significant negative F IS value indicating excess heterozygosity, seems to mirror these recent population movements and mergers and suggests recent population amalgamation but without sufficient time for genetic admixture.
The four recent populations demonstrated even more diverse ancestral origins. mtDNA haplogrouping strengthened the genetic evidence that the recent populations shared similar maternal ancestries with the Han majority, with ancestries from both northern China (haplogroups A, C, D, E, and Z) and southern China (haplogroups F, B, M*, and R*) (Kivisild et al. 2002; Yao et al. 2002a Yao et al. , 2002b . The mtDNA data contrast with the Y-chromosome haplogroups present in the recent populations that indicated Central and West Asian origins [haplogroups R1a1 and P* (xR)]. The differences in geographic origin of the paternal and maternal haplogroups thus reaffirm the hypothesis of male Silk Road traders and soldiers marrying Han Chinese women (Wang et al. 2003) .
Based on broad haplogrouping and the typing of just 10 autosomal microsatellites in eight sample populations, we have been able to demonstrate the existence of many different genetic histories and substructures among the peoples of China. This suggests the need for a cautious approach when exploring the genetic ancestry and diversity of East Asian minzu categories. It is apparent that many minzu, which were officially recognized by the government of China only in the mid 20th century, may be as much political as anthropological in their design and composition. Therefore, rather than inter-minzu comparisons, a communityby-community approach may be more appropriate for constructing a true picture of ancestry and genetic diversity in East Asia. Furthermore, as demonstrated by the Kucong data, anthropological investigations of communities not classified as minzu could also be of great value in determining possible alternative and/or ancient genetic origins.
With both the HapMap (http://www.hapmap.org) and Genographic Projects (http://www.nationalgeographic.com/genographic) under way, the focus on global human genetic diversity will intensify and, because of sheer numbers, the People's Republic of China will be a key area of interest. For these and other future studies a thorough appreciation of the local Chinese concepts of ethnicity, and its evolution through history, is an important concept to be considered if an accurate picture of the genetic history of China is to be realized.
